Fe-and Cu-codoped ZnO was previously reported as a room-temperature dilute magnetic semiconductor. We have investigated the origin of the ferromagnetism in Zn 0. with inverted spinel structure shows that the secondary phase possesses an inverted spinel structure and is ferrimagnetic at room temperature, while normal zinc ferrite is nonmagnetic. The ferromagnetism in Fe-and Cu-codoped ZnO stems from the secondary phase, while the majority of Fe ions substituted into the ZnO lattice appears to remain magnetically inert.
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One obvious way to make ferromagnetic semiconductors is to dope semiconductors with magnetic impurities. A wellknown example of these dilute magnetic semiconductors is GaMnAs with transition temperature ͑T c ͒ of 110 K, well below room temperature. 2 A theoretical work using a meanfield model predicted ferromagnetism above room temperature in a II-VI semiconductor ZnO when doped with holes and Mn. 3 ZnO, which also possesses excellent optical properties, received attention, and several reports on ZnO doped with transition metal ions followed. 4 These studies, however, did not lead to consistent conclusions. Ferromagnetism was observed at room temperature for Co-doped ZnO films but reproducibility was quite low. 5 Evidence that the magnetic property of Mn-doped ZnO films is extrinsic, that is, due to the unintentionally produced magnetic impurity phases, now exists. 6 Fe-doped bulk ZnO even shows antiferromagnetism, rather than ferromagnetism, at low temperatures. 7 It was reported previously that additional doping of Cu into Fe-doped ZnO generates ferromagnetism with T c = 550 K; 8 Cu was introduced as a p-type dopant in naturally n-type ZnO. High transition temperature and high reproducibility made the material look quite promising. However, high-resolution x-ray diffraction measurements also revealed tiny extra peaks in addition to the main ones belonging to the hexagonal lattice of ZnO. ͑The majority of doped Fe ions were incorporated into the lattice.͒ These tiny peaks were identified as belonging to ZnFe 2 O 4 , which is normally nonmagnetic at room temperature. It was also found that the magnetization of Zn 0. Whether the magnetic property of a material is intrinsic cannot be determined by measurements of macroscopic quantities such as magnetization or conductivity. It requires a local probe such as NMR; the resonance frequency of NMR is proportional to the total field that a local nucleus sees. An NMR spectrum obtained at zero external field for magnetic materials reflects the local hyperfine field that contains all the information about the local electronic state and configuration of a specific magnetic atom. Thus, NMR and neutron diffraction, whose spectrum is also sensitive to magnetic ordering, were employed in this study. High-resolution neutron powder diffraction was carried out at the HANARO reactor in KAERI.
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Fe NMR spectra were obtained at zero external field by using our homemade spectrometer carefully tuned to give the maximum signal-to-noise ratio at low temperatures. Because of the low natural abundance of iron, data were taken only at 4 K by the spin echo technique.
Polycrystalline samples of bulk Zn 0.95−x Fe 0.05 Cu x O were fabricated with the standard solid state reaction method, as described previously. 8 The neutron diffraction spectrum of angle among the ZnFe 2 O 4 Bragg peaks, increases when temperature is decreased below T c . The peaks corresponding to the ZnO structure remain invariant irrespective of temperature variation. Neutron diffraction is caused by both crystal structure and magnetic ordering; the peak height variation below T c would then be due to magnetic ordering. Thus, neutron data indicate that the magnetization of the impurity phase grows as temperature is reduced below T c , and one may suspect that the magnetization of the secondary phase ZnFe 2 O 4 is somehow correlated with that of the sample. However, the change of the peak height is too small to make any kind of quantitative comparison with the measured magnetization variation.
A more definite comparison was attempted by measuring the NMR spectra of Zn 0.95−x Fe 0.05 Cu x O as well as normal and inverted ZnFe 2 O 4 . Bulk ZnFe 2 O 4 has a spinel structure where metal ions are located at interstitial sites of the closepacked fcc lattice of oxygens. There are two sites available for metal ions: tetrahedral A and octahedral B. ZnFe 2 O 4 in the normal spinel structure ͑all Fe ions are in the B sites͒ is paramagnetic down to low temperatures, while it becomes ferrimagnetic at room temperature in the partially inverted spinel structure where some of Fe ions take A sites. 9 Normal ZnFe 2 O 4 is made by the solid state reaction method, while nanocrystalline ZnFe 2 O 4 with inverted spinel structure can be obtained by high-energy ball-milling of the normal zinc ferrite.
The zero-field NMR spectra of Zn 0.95−x Fe 0.05 Cu x O are plotted in Fig. 2 for various Cu concentrations. The experimentally determined gyromagnetic ratio confirms that this peak is the resonance signal of iron nuclei. Experimentally measured hyperfine field of a nucleus of a magnetic atom is proportional to the magnetic moment of that atom and depends on the ionic valency, configuration of neighboring atoms, bonding with neighbors, etc. Therefore, the spectrum contains information on the structure of the lattice where the ferromagnetic irons locate; the task is to clarify whether the lattice is that of ZnO or a secondary phase. No NMR signal, particularly around 71 MHz, could be detected from ZnFe 2 O 4 in the normal spinel structure. The NMR spectrum of nanocrystalline ZnFe 2 O 4 ͑ball-milled for 4 h͒ was measured and displayed in Fig. 2 along with 2+ and Fe 3+ that is generated by charge transfer from doped Cu. 12 In that case, the average valency of Fe ions falls between 2+ and 3+ due to a rapid electron hopping process and the NMR spectrum would be found somewhere between 40 and 70 MHz. We carefully searched for the NMR signal of Zn 0.95−x Fe 0.05 Cu x O from 30 to 80 MHz, but no other signal was observed except that in Fig. 2 In Fig. 3 , the NMR resonance frequency ͑top͒ and the spectral intensity ͑bottom͒ are plotted together with the saturation magnetization obtained at 300 K as a function of Cu concentration. The resonance frequency remains the same irrespective of Cu concentration while both the NMR intensity and the magnetization are maximal at 1%. The resonance frequency is proportional to the hyperfine field, which in turn is proportional to the thermally averaged atomic mag- O 4 showed superparamagnetic behaviors at room temperature, as the inset of Fig. 4 indicates. This is consistent with previous works on nanoparticles showing that the critical particle size, below which particles become a single domain is several tens of nanometers. 13 The transition temperature of nanoparticles is also known to decrease with decreasing grain size.
14 Thus, the size difference seems to bring about the differences in magnetic properties illustrated in Fig. 4 . 
